Why Weighted Finite-State T

e Efficient algorithms for a variety of problems (e.g. string-matching,
compilers, Unix, design of controllability systems in aircrafts).

e General algorithms: rational operations, intersection.

e Handling
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uncertainty: text, handwritten text, speech, image, biclogical
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nerality: finite-state transducers, multiplicity.

e Text: pattern-matching, indexation, compression.

Speech: Large-vocabulary speech re

ecognition, speech synthesis.
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mpression, filters.
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Software Libraries

e F'SM Library: Finite-State Machine Library — general software utilities

for b“1ld1n‘=, combining, optimizing, and searching weighted automata and

transducers.

http://www.research.att.com/sw/tools/fsm/

¢
[
/2]
/)]

¢ GRM Library: Grammar Library — general software collection for con-

structing and modifying weighted automata and transducers representing
grammars and statistical language models.
search.att.com/sw/tools/grm/

lfJ'Jl

http://www.res
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Weight Sets: Semirings
A semiring (K, ®,®,0,1) = a ring that may lack negation.

e Sum: to compute the weight of a sequence (sum of the weights of the
paths labeled with that se ,%nsﬁ)

e Product: to compute the weight of a path (product of the weights of

constituent transitions).

s |

SEMIRING SET s>

Boolean {0,1} \Y%
Probability
Log RU{—0c0,+00} | Biog
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with @10z defined by: z Qg ¥y = —log(e™ +e7Y).
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red:yellow/0.5

green:blue/0.3

e Transducer File (T.txt)
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blue:green/0

yellow:red/0.6
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Definitions and Notation — Paths

— Origin or previous state: p[7]

— Destination or next state: n[rw].
— Input label: i[x].
— Output label: ofr].
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— P(R1, R2): set of all paths from Ry C @ to Rz C Q.
— P(Ri1,z, R2): paths in P(R1, Rz) with input label z
— P(Ri1,z,y, R2): paths in P(Ri1,z, R2) with output label y

Mohri & Riley Part 1. Algorithm Software Libraries
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Alph
tates:

ts: input X, output A.
(J, initial states
Transitions: £ C @ X (XU {e})
Weight functions:

I, final states F.
x (AU{e}) x K x Q.

initial weight function A: I — K

final weight function p :
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\utomaton A

Transducer T =

=(3,Q,I,F,E,\,

(3,A,Q,1,F,E, M\,

: F— K.

p) with for all z € ¥*:

p) with for all z € %y € A™:
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OPERATION | DEFINITION AND NOTATION

op!

Product [T7 @ T2](z,y) = @ [Th](z1,11) @ [T2](z2, y2)

L=T1T2,4Y=YH1¥Y2
oo
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as with the tropical semiring (locally closed semirings).
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— Complexity (linear): O((|Ex| + Q1)) + (|E2| + |Qal)) or O(Q| + |E)).

— Lazy implementation.

Mohri & Riley Part 1. Algorithm Rational Operations
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fsmunion A.fsm B.fsm >C.fsm

green/0.4

blue/0 blue/1.2

green/0.3

yellow/0.6

A fsa B.fsa

red/0.5

green/(.3 ﬁ blue/0

yellow/0.6
green/0.4
blue/1.2

C.fsa
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fsmconcat A.fsm B.fsm >C.fsm

green/0.3 /" "\ blue/0

red/0.5

yellow/0.6

A fsa B.fsa

green/0.4

green/0.3 /7 blue’d /7 eps/08

blue/1.2

yellow/0.6

C.fsa
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Some Elementary Unary Operations — Algorithms
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(1]

OPERATION | DEFINITION AND NOTATION | LAzYy IMPLEMENTATION

Reversal T(z,y) =

Inversion T_l]](g,j) = [T1(y, x) Yes

Projection

(]

— Complexity (linear): O(|Q]| + |E]).

— Lazy implementation (see table).
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green/1.2

yellow/0.6

Afsa

red/0.5

green/0.3

blue/0
yellow/0.6

C.fsa
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Inversion — lllustration

e Frogram: fsminvert A.fsm >C.fsm

red:bird/0.5

green:pig/0.3 blue:cat/0

yellow:dog/0.6

Afst

bird:red/0.5

pig:green/0.3 cat:blue/0

dog:yellow/0.6

C.fst

Mohri & Riley Part I. Algorithm Elementary Unary Operations



Some Fundamental Binary Operations — Algorithms
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Definitions

OPERATION

DEFINITION AND NOTATION

CONDITION

Composition

[T1 0 T2](z,y) =

z

DInl(z, 2) © [T2](2, y)

K commutative

Intersection

[A1 N A2](z) = [Ad](2) ® [42](2)

K commutative

Difference

=2 £ 2vvrre ﬁ?lff..-
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— Complexity (quadratic): ¢

— Path multi

ah-a Ve | I-M--*ﬁ_ Fa¥ 2 a V=2 a s> rata
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plicity in presence of e-transitions: e-filter.

— Lazy implementation.

Mohri & Riley

O((1E1] + 1@1]) (| E2| + [Q2]))-

Fundamental Binary Operations 1
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deterministic

%



|

=y E Sz~

= g £ L E =

= £ ERFE 8 €2
=

e T o
e f__roaryi
S [ FiILSEEPFEENS LS

a:c/0.4

= ol o)

(0,0)

Mohri & Riley

ﬁ““ﬁgl I —_ ”Iéé-:—%i—‘-‘zi:lf—:ﬁ
RFEEEESLS ui LA LIS LILAEE

rAcA
PUST

A.fsm B.fsm >C.fsm

Part I. Algorithm Fundamental Binary Operations

a:b/0.6



Redundant e-paths.

Mohri & Riley Part I. Algorithm Fundamental Binary Operations 21
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Replace Ty 015 by Ty 0 F o 15,

Part I. Algorithm Fundamental Binary Operations
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blue/0

A fsa

yellow/0.6

red/3.7 ~/1\ green/0.7

C fsa

green/0.4

red/0.2 ‘; 1 K yellow/1.3
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blue/0.6

B.fsa

yellow/1.9
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Single-Source Shortest-Dist
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e (Generic single-source shortest-distance algorithm
— Definition: for each state g,
dlq] = wlm]
rEP(q,F)

— Works with any queue discipline and any semiring k-closed for the
graph.

— Coincides with classical algorithms in the specific case of the tropical
semiring and the specific queue disciplines: best-first (Dijkstra), FIFO
(Bellman-Ford), or topological sort order (Lawler).

e N-best strings algorithm

— {F€ns

ral N-best paths algorithm augmented with the

e computation of
the potentials.

— On-the-fly weighted determinization.

Mohri & Riley hm Search Operations
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Single-Source Shortest-Distance Algorithms — lllustration

‘If'l. )

e Program: fsmbestpath [-n N] A.fsm >C.fsm

red/G.5

green/(.3

green/(.3 blue/G

yellow/(.6

:ﬁ\
@ oreen/0.3 U blue/0

C.fsa
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red/G.5

green/(.3

green/(.3

(1)

A fsa

@ green/3.3

blue/G

blue/0

yellow/(.6

C fsa

vellow/G.6
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